Introduction {#Sec1}
============

The COVID-19 pandemic has presented an acute need for masks and respirators to be used by healthcare workers on the frontlines and growing needs for essential workers and the public to wear masks in affected areas. The rapid shortage of medical N95 respirators or other certified masks creates an urgent demand for suitable alternatives. This has led to an influx of a wide variety of masks that have not been tested by the National Institute for Occupational Health and Safety (NIOSH) into the medical community and the public with little to no assurance of performance. Hospitals are often faced with deciding which other type of masks (e.g., KN95) to consider buying when the traditional supplies of tested masks are no longer available for purchase \[[@CR1]\]. Many claim to have filtration characteristics equivalent to traditional N95 masks but have not undergone the same testing for N95 masks in the U.S. There is also a large influx of counterfeit masks into the market due to mask shortages during the pandemic \[[@CR2]--[@CR4]\]. Many hospitals are receiving donations from a well-intentioned public that range from non-medical respirators and surgical masks to handsewn facemasks. Most of these donated items have not been confirmed by NIOSH to provide comparable protection from the transmission of SARS-CoV-2 to a standard medical N95 mask \[[@CR5]\]. As such, the decision to use them without testing information poses significant risk to healthcare and other essential workers.

Currently the certification capacity of NIOSH is too limited to accommodate the high demand for testing of masks and allow for timely decision making on purchases or the use of donated masks during this critical nationwide shortage. The pandemic and need for accessible mask testing methods are also likely to reach regions with decreased capacity for mask testing (e.g., developing nations). In the absence of available regulation testing facilities or the specific and costly equipment to replicate regulatory methods, we present a screening method to quickly evaluate masks using an accessible approach that could be replicated in communities lacking the infrastructure necessary for regulation tests. These methods are not intended to replace regulation approaches, but to provide alternatives to nonexperts in times of need to screen and prioritize the use or acquisition of masks/respirators and to complement the existing body of literature on mask and alternative mask testing (e.g., \[[@CR6]\]). As such, readily accessible equipment has been used to maintain accessibility for a greater diversity of communities.

There are several key considerations for mask performance: (a) filtration, (b) flow impedance (i.e., breathability), (c) fit, and (d) continued performance under environmental conditions (e.g., wetting). The assessments performed in this document focuses on the first two aspects. In tandem with this study, masks were also evaluated for fit using a commercial leak detection apparatus, conducted by members of Yale University's Office of Environmental Health and Safety, to characterize and reduce penetration of aerosols at the edges of the masks \[[@CR7]\]. In order for a mask to be deemed appropriate for clinical use in a COVID-19 patient setting it must pass the filtration and breathability tests as well as a fit test. NIOSH, FDA, and other federal methods for medical testing masks and respirators have differences in test aerosols (e.g., NaCl solution vs. latex spheres) and measurement methods \[[@CR8]--[@CR12]\] (e.g., offline gravimetric vs. online counters) as summarized and compared in detail in Rengasamy et al. \[[@CR5]\].

Respiratory droplets and aerosols are emitted from humans during coughing, sneezing, breathing, talking, or intubation that could contain viruses, including SARS-CoV-2. Exhaled aerosol/droplets may span from the nominal size of SARS-CoV-2 (\~120 nm) up to 10 μm or larger \[[@CR13]--[@CR19]\], and can decrease in size with evaporation of condensed water \[[@CR20]--[@CR22]\]. The World Health Organization identifies two main categories of particles as key factors in coronavirus transmission: "respiratory droplets" (\>5--10 μm in diameter) and "droplet nuclei" (aerosols \<5 μm in diameter) \[[@CR23]\]; the latter of which includes the typical test aerosol diameters for U.S. agencies involved in mask certification (0.075--5 μm) \[[@CR5]\]. The airborne lifetime of these human-generated aerosol/droplets are size-dependent, reaching upwards of several hours for aerosols in the 0.1--1-μm size range \[[@CR24], [@CR25]\] and suspended SARS-CoV-2 can survive airborne for over 1 h at moderate humidities (RH = 65%) \[[@CR26]\]. Aerosols in that size range containing SARS-CoV-2 and surface contamination have been observed in staff areas of hospitals away from patients \[[@CR18], [@CR19], [@CR27]\]. Therefore, it is important to consider a wide range of droplet and aerosol sizes for mask filtration efficacy.

Our overall goals are (a) to disseminate simplified testing setups that can be used in comparative evaluations of nonregulation or alternative masks against regulation masks and (b) present results from our survey of a set of commercially available masks representative of those entering U.S. hospital networks. Testing specifically focuses on flow impedance and aerosol filtration, both of which are evaluated in the traditional NIOSH mask certification process. This study utilizes more readily available equipment and resources to conduct similar assessments in an experimentally comparable procedure, but does not attempt to replicate or claim NIOSH approval. Its purpose is to allow health professionals to make informed decisions on the most appropriate masks to use when trusted PPE is not available.

Experimental setup {#Sec2}
==================

Filtration testing overview {#Sec3}
---------------------------

With the intent of evaluating filtration efficiency without purporting to replicate NIOSH equivalency, the methods designed in this study are aimed at testing masks with relevant, reproducible aerosol distributions at face velocities appropriate for human respiration. To evaluate performance, we utilize a combustion-generated polydisperse aerosol and measure removal efficiencies for several size ranges. Using readily available aerosol instrumentation, size-resolved aerosol number, and mass concentrations are measured upstream and downstream of a test mask material. The measured aerosol removal efficiencies of untested respirators and masks are then compared with those of a production lot of regulatory N95 masks to establish performance criteria.

The combustion-generated aerosol is produced via incense inside a sealed 0.25-m^3^ acrylic box that serves as a contained aerosol source (Fig. [1](#Fig1){ref-type="fig"}). To achieve the desired aerosol concentrations (e.g., 50--100 μg m^−3^), a stick of burning incense is inserted briefly via a small port in the source chamber. As the incense smolders, it generates humidity and organic compounds, which condense to create a polydisperse aerosol that comprises a wide range of sizes, across the range of concern \[[@CR28]--[@CR30]\], including both aerosol and droplet emissions from humans (e.g., Fig. [S14](#MOESM1){ref-type="media"}). Sufficient time is allowed for the aerosol population to become well-mixed and stable in the chamber, using a real-time sensor to track size-resolved concentrations.Fig. 1Primary experimental setup for aerosol filtration assessmen."Aerosol detectors" refer to SEARCH monitors and the "aerosol particle counter" is the AirNet instrument (in orange).

The aerosols produced in the source chamber may be too highly concentrated depending on the measurement instrumentation used (e.g., the AirNet aerosol particle counter used in this study, described in detail below). Thus, the flow from the chamber is diluted using pressurized house air that is humidified via a bubbler and regulated by a mass flow controller (AliCat) to control the rate of dilution, though other flow control options are feasible. This diluted aerosol stream is used to test the mask material, which is a disk cut from a full mask using a die for consistency (Fig. [S3](#MOESM1){ref-type="media"}). The disk is housed in a filter holder, in this case a custom aluminum holder with an exposed filter area of 30.5 mm in diameter (Fig. [S1](#MOESM1){ref-type="media"}), but commercially available filter holders should suffice, and disks may be cut by hand. Grounded metal tubing was used leading to the filter holder and the detectors to reduce losses of charged particles. However, charge neutralization of aerosols is not employed in this setup, and aerosol charge may play a role in filtration for some masks.

This test method, as with standard test methods, mimics the face velocity (equal to the volume flow rate/surface area) of aerosol deposition on a mask during typical human inspiratory breathing flow rates of 65--220 LPM \[[@CR5]\] corresponding to face velocities of \~6.4--21.7 cm/s for masks ranging in area from 130--225 cm^2^ (e.g., Table [S1](#MOESM1){ref-type="media"}). These face velocities are achieved with our 30.5-mm disk sample using volume flow rates from 2.8 to 9.5 LPM and most of the testing focused on 4.5 LPM corresponding to 10 cm/s.

Two real-time detectors were used in the study, an AirNet (model 210, Particle Measurement Systems) and a SEARCH multipollutant monitor equipped with a Plantower A003 sensor from the "Solutions for Energy, AiR, Climate, and Health" Center at Yale-Johns Hopkins \[[@CR31]\]. Other detectors may be used, provided the careful considerations detailed in this paper are followed. The AirNet detector measures the number concentration of aerosols in size bins of 0.2--0.3, 0.3--0.5, 0.5--1, and \>1 μm. The SEARCH monitor measures mass and number concentrations of aerosols in size bins 0.3--0.5, 0.5--1, 1--2.5, 2.5--5, and 2.5--10 μm with a lower sensitivity compared with the AirNet \[[@CR31]\].

Upstream of the filter, the SEARCH detector is used to monitor and maintain reproducible and stable test aerosol concentrations in the source chamber. Downstream of the filter, aerosol concentrations were measured with both the AirNet and a second SEARCH instrument for redundancy. However, the analysis was done primarily with the AirNet to demonstrate that only a single reliable detector is critical for such an assessment. Downstream concentrations of the aerosols are checked regularly without a mask in place to confirm that they match those expected based on the source chamber concentrations and dilution rates. Periodic downstream measurements with the second SEARCH monitor were done to cross-check the observed filtration efficiencies, dilution rates, and aerosol transmission.

Downstream flow rates are controlled to change the face velocity used to test the filter material and provide the suction from the source chamber. The AirNet is controlled by a built-in orifice (2.8 LPM) and a second mass flow controller (AliCat) is used to pull the remainder of the flow through the system (e.g., 1.7 SPLM for a 10-cm/s face velocity), where vacuum is generated using two separate vacuum pumps. At any given face velocity, changing the dilution flow rate adjusts the test aerosol concentration. A more detailed description of the flow rates shown in Fig. [1](#Fig1){ref-type="fig"} can be found in Section [S1](#MOESM1){ref-type="media"}. The filtration efficiency for any of the size-resolved bins is defined as$$\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{Filtration}}\,{\mathrm{efficiency}}\left[ \% \right] = \left( {1 - {C}_{{\mathrm{downstream}}}/{C}_{{\mathrm{upstream}}}} \right) \times 100\%,$$\end{document}$$and for the purposes of this study was further substantiated by measuring across a series of dilution factors (with and without mask material in place) to gain multi-point measurements across a range of test aerosol concentrations at a given face velocity (see Section [S4](#MOESM1){ref-type="media"} and Fig. [S6](#MOESM1){ref-type="media"}). Information related to the cost of equipment as well as criteria for optimizing concentration levels are described in Section [S4](#MOESM1){ref-type="media"}.

Flow impedance testing {#Sec4}
----------------------

Flow impedance assessment of the mask materials is conducted to gauge the potential breathability of a given mask. Proper use of a mask mandates that the mask creates a good seal around one's face. This forces intake air to be limited to what can pass easily through the mask, which means that enough pressure is needed from breathing to drive the air flow. Regardless of filtration capability, a mask with low breathability still poses a risk to the wearer due to the difficulty of breathing normally.

The NIOSH procedure takes into account the effect of mask area on the maximum pressure allowed for a specified volume flow (the ratio defining an "extrinsic impedance") by using a full mask for the test. Here, we employed a straightforward apparatus to measure the intrinsic impedance of mask material by measuring the pressure drop (in mm H~2~O) across a 40-mm disk of mask filter material as a function of the face velocity (calculated from the volume flow rate and the 40-mm disk area of 12.6 cm^2^). The sample disk diameter here was determined by the size of a commercially available plastic filter holder, which was used for its easy availability, low cost, good sealing properties, and dual applicability in the rapid screening setup described below. The slope of the linear fit to these points is the intrinsic impedance of the material in units of mm H~2~O/(cm/s). The experimental apparatus (Fig. [2](#Fig2){ref-type="fig"}) is from Petculescu and Wilen \[[@CR32]\] and further described in Section [S3](#MOESM1){ref-type="media"}.Fig. 2Experimental setup to test flow impedance test for breathability.Based on ref. \[[@CR32]\].

To get a value for the extrinsic impedance for a given mask, we divide the intrinsic impedance by the mask area, either measured directly or approximated based on mask type and geometry. It should be noted that the instrumentation used here could easily be replaced with low-cost commercial rotameters and manometers to measure flow and pressure.

A rapid screening setup for testing aerosol filtration {#Sec5}
------------------------------------------------------

We also evaluated a rapid screening approach with the understanding that initial screening of large inventories is necessary to determine which masks/respirators warrant further testing and also that some communities and facilities may be constrained in terms of available instrumentation for aerosol measurement and flow control. This further-simplified setup (Fig. [3](#Fig3){ref-type="fig"}) relies on a filter holder (same as that used for impedance) and a single AirNet 210 detector, with a fixed volume flow rate of 2.8 LPM, and configured to read out count data through its analog outputs. The face velocity through the filter was modified with a pair of laser-cut ring inserts to test at \~13 cm/s (see images in Fig. [S2](#MOESM1){ref-type="media"}). With this setup, adjusting the filter area to achieve the appropriate face velocity is critical, otherwise slow face velocities atypical of breathing conditions might skew results and give false positive results.Fig. 3A rapid screening setup.**a** Schematic and **b** example test procedure.

An example procedure is shown in Fig. [3b](#Fig3){ref-type="fig"} where two mask materials are inserted and removed to assess against upstream concentrations without the mask in place. If ambient aerosol concentrations are sufficiently stable in the room where testing is occurring, ambient air can serve as the aerosol "source," as was the case for this evaluation approach. Data and results of this testing are described in supplemental information. Although a second AirNet 210 detector was used here, which allowed for a direct comparison to the full technique, any instrument that provides size-resolved aerosol concentration measurements could possibly work for this approach (see "Considerations" section).

Results and discussion {#Sec6}
======================

Aerosol filtration efficiency {#Sec7}
-----------------------------

While the instrumentation package measured an aerosol size range of 0.2--10 μm, aerosol filtration analysis focused on the range of 0.2--1 μm for these reasons: this range is closer to sizes of interest in the NIOSH/FDA methods; it targets the most challenging aerosols to filter (0.2--0.3 μm); and this particle diameter range is where mask performance differentiated most for the masks and instruments used in this study. A set of face velocities were examined to span typical inspiratory flow rates and typical test procedures \[[@CR5]\], but primarily focused on 10 cm/s for inventory screening (Fig. [4](#Fig4){ref-type="fig"}) as discussed earlier. Prior to recommending that a mask be used in service, multiple trials of the same mask type across a set of individual masks from a delivered lot are conducted to ensure consistent results in the data. Results from repeated tests of a single mask type (Fig. [4a](#Fig4){ref-type="fig"} inset) show variability within mask lots, which were larger for a poorly performing mask type (\#15), compared with the six N95 tests that ranged 98--99% at 10 cm/s. Repeat tests of the same exact mask sample on different days resulted in minimal variance and demonstrated consistency in the experimental setup. Specifically, the error was 0.7 ± 0.6% in absolute deviation between tests (i.e., Eff.~test\ *t*~ − Eff.~test\ *t* + 1~) for the 0.2--0.3 μm size bin.Fig. 4Filtration efficiency of 47 commercially available masks.**a** Filtration efficiency for all aerosols of 0.2 μm and larger, shown with a regulation-tested N95 mask (blue marker) at a face velocity of 10 cm/s, roughly simulating an 105 LPM inspiratory breathing rate; and **b** mask performance shown for three aerosol size fractions from 0.2 to 1 μm. Efficiencies shown are determined via aerosol number concentrations and the **a** inset shows variations across masks tested for four mask types, displayed as the absolute deviation in aerosol filtration efficiency from the average (i.e., Eff.~Sample\ *i*~ − Eff.~Avg.~). Mask numbers in the inset (and Fig. [5](#Fig5){ref-type="fig"}) refer to cataloging in Table [S1](#MOESM1){ref-type="media"} and not rank-ordered performance.

As shown in Fig. [4](#Fig4){ref-type="fig"}, tests conducted on 47 nonregulation masks using this setup reveal that a number of commercially available masks perform similarly to the regulation N95 mask's aerosol filtration for 0.2 μm and above. Then, there are a range of masks with relatively weaker filtration efficiencies (i.e., 80--95% for aerosols \>0.2 μm). Yet, a subset of commercially available masks have poor performance (i.e., \<80%) relative to N95 or similar masks. It is important to note that the masks tested here focus on nonregulated, commercially available masks, most of which are purported to be efficacious for aerosol filtration at, or near, that of an N95 respirator (Table [S1](#MOESM1){ref-type="media"}). The performance of the ten commercial (traditional) surgical-style masks tested varied widely 22--95% (see Table [S1](#MOESM1){ref-type="media"}) with an average of 72 ± 19%. While materials for homemade masks could be tested with this setup, it was generally outside the scope of this PPE survey (the one homemade mask and one commercially made alternative mask donated to the hospital included in this study performed very poorly, i.e., 14%).

There was significant disparity in the performance of masks purported to be N95 equivalent (i.e., KN95) or even labeled as "N95," spanning efficiencies of 38% (Mask \#22) to 99% (see Table [S1](#MOESM1){ref-type="media"} for values). Some KN95 masks performed consistently well, but others did not. For example, Mask \#1 performed consistently well while Mask \#15 had significant variance (Fig. [4a](#Fig4){ref-type="fig"} inset) with two masks from \#15's lot performing at or near 95% filtration and others reaching as low as 78--82%. These results raise the importance of both testing a significant sample size of masks from any received lots and the value of validation independent of vendor assurances.

Mask filtration efficiencies expectedly varied as a function of aerosol size. Given the higher efficiency of inertial impaction for larger aerosols with more mass and momentum, the masks generally performed better for larger aerosols (Fig. [5](#Fig5){ref-type="fig"}). While mask filtration performance can be similarly differentiated, absolute efficiencies are greater when considering all aerosols (i.e., \>0.2 μm) than solely aerosols of 0.2--0.3 μm (Fig. [4](#Fig4){ref-type="fig"}, [S7](#MOESM1){ref-type="media"}). Consistent with aerosol filtration theory, the removal of smaller aerosols is better at slower face velocities (Fig. [5](#Fig5){ref-type="fig"}) given the dependence of "diffusive" losses (i.e., Brownian motion to the filter fibers) on flow rates (i.e., timescales for air transport through the filters). This aerosol size dependence is important since SARS-CoV-2-containing aerosols are distributed across a wide size range and aerosols with diameters of 0.1--0.5 μm can remain airborne longer \[[@CR18], [@CR19], [@CR24], [@CR25]\]. With regard to testing protocols, Fig. [5](#Fig5){ref-type="fig"} demonstrates clearly how flow rate (i.e., face velocity) influences filtration efficiencies.Fig. 5Filtration efficiency as a function of face velocity resulting from typical breathing flow rates.**a** Aerosol removal efficiency (\>0.2 μm) of three masks: an N95 regulation mask and two masks marketed as KN95 (\#1 and \#15). **b** Size-resolved removal efficiency for a moderately performing mask (\#15 from **a**).

Impedance and breathability {#Sec8}
---------------------------

Using the technique described above, the intrinsic impedance was measured and tabulated for the mask inventory (Fig. [6](#Fig6){ref-type="fig"}). The extrinsic impedance was also examined for some of the masks for which areas had been measured independently using an image analysis technique (see Supplementary Information). All the extrinsic impedances (Table [S1](#MOESM1){ref-type="media"}) are below the NIOSH threshold of 0.0247-mm H~2~O/(cm^3^/s) and even for masks for which areas were not measured, based on their intrinsic impedances, their areas would have to be improbably small to exceed the NIOSH threshold for breathability \[[@CR33]\]. For simplicity in comparison, we also present an "intrinsic breathability index" which is defined as the ratio of the intrinsic impedance for a mask compared with a standard N95 mask. In Section [S4](#MOESM1){ref-type="media"}, we discuss various implications for the filtration, impedance, and face sealing relating to the mask area. Presented with a large array of masks to test, efforts to include area measurement were streamlined. Some masks were excluded from consideration early, based on poor filtration of the mask material. Masks found to be made of material with the highest measured filtration efficiencies were prioritized for more extensive examination. Among these, higher priority for use in hospitals was then given to masks with the smallest extrinsic impedance, also taking face sealing into account.Fig. 6Measured impedance values shown against breathability index (i.e., N95 intrinsic impedance/intrinsic impedance) where all masks are within the NIOSH threshold for impedance.Points are colored based on filtration efficiency, and no correlation was observed between impedance and filtration efficiency (see Fig. [S7a](#MOESM1){ref-type="media"}).

Rapid screening results {#Sec9}
-----------------------

To evaluate the rapid screening setup (Fig. [3](#Fig3){ref-type="fig"}), we tested this approach for half of the masks tested in the Fig. [1](#Fig1){ref-type="fig"} setup. The rapid screening approach's filtration efficiencies were consistent with those of the primary setup and effective for rank-ordering masks (Fig. [7](#Fig7){ref-type="fig"}). The differences in filtration efficiencies in Fig. [7](#Fig7){ref-type="fig"} are not random, but well-correlated when fit to a power function (Fig. [S13](#MOESM1){ref-type="media"}), potentially owing to the combined effects of differences in in-room aerosol size distributions and face velocities. Based on these results, we conclude that this method has efficacy as a rapid screening method, where 26 masks can be preliminarily screened in 80 min (Fig. [S11](#MOESM1){ref-type="media"}). However, frequent cross-comparison to N95 benchmark masks is essential between operational sessions since variations in-room aerosol composition can affect results. More details about correlations between the two techniques and calibration procedures are described in the Section [S5](#MOESM1){ref-type="media"}.Fig. 7Comparison of rapid screening setup (Fig. [3](#Fig3){ref-type="fig"}) compared with primary setup (Fig. [1](#Fig1){ref-type="fig"}) showing equivalent ranking of mask/respirator performance. Filtration efficiencies are shown for 0.2--0.3 μm aerosols. Tested face velocities were not the same between the two approaches.

Conclusions: considerations and best practices {#Sec10}
----------------------------------------------

As defined above, these methods are not intended to replace regulation approaches, but to provide accessible screening approaches where necessary for emergency evaluation of incoming masks/respirators. The goal is to allow users to rank-order masks in comparison with N95 "benchmark" masks (in their possession) to enable more informed decisions and prioritization of PPE for use. Mask fit and durability must also be assessed. As mentioned earlier, a commercial leak detection apparatus is used to characterize penetration of aerosols at the edges of the masks, and these results are also factored into the decision/prioritization process. To facilitate replicate setups, we outline a selection of considerations, potential issues, and best practices with additional detail in Section [S4](#MOESM1){ref-type="media"}. Given that all masks here performed sufficiently in terms of breathability (i.e., flow impedance) compared with the NIOSH threshold, our discussion in the main text is focused on filtration test considerations, where the tested masks performed more variably.

The primary testing setup described in Fig. [1](#Fig1){ref-type="fig"} is not the sole feasible configuration, as is readily demonstrated with the rapid screening approach (Fig. [3](#Fig3){ref-type="fig"}). However, the primary setup does offer certain advantages that should be considered by future users: (a) consistent and stable spherical polydisperse aerosol populations that span the range of target aerosol sizes; (b) repeatable flow rates delivering the test aerosol mixture at atmospheric pressure and representative face velocities (e.g., 10 cm/s) that allow for discrimination of mask performance; (c) leak-checked systems, especially in the filter holder where bulky mask materials increase the potential for leaks (note: flow balance can be confirmed using multiple flow controllers; Fig. [1](#Fig1){ref-type="fig"}); (d) frequent confirmation of test aerosol concentrations via downstream instruments (with no filter in place) checked at all flow and dilution conditions used, with redundant instruments up- and downstream (if available); (e) regular checks of filtration efficiency against N95 "benchmark" masks; and (f) metal tubing and filter holder (all grounded) are best practice to avoid electrostatic aerosol losses, but nonmetallic components may work with frequent comparisons to "blank" measurements without a filter. Similarly, digital mass flow controllers are used in this study, but sufficiently precise rotameters or flow constrictions may prove effective substitutes.

Aerosol instrumentation is a critical consideration, and differences between available instrumentation are considerable across the global scientific and hospital community. As such, this study is carried out using a total aerosol instrumentation cost of under \$2000 USD, and found high utility in the AirNet aerosol particle counter used for clean-room monitoring. While multiple monitors are included in Fig. [1](#Fig1){ref-type="fig"} and used in cross-checks, the conclusions were derived primarily with a single detector. The key elements are that (a) the aerosol concentrations used for testing must be adjusted based on the sensitivity of the instrumentation such that the signal-to-noise ratio of the measurements are sufficiently high to determine the filtration efficiency with some precision (i.e., accurately measure changes between upstream and downstream concentrations) while also avoiding exceeding upper limits of detection or linearity; (b) real-time instruments allow for faster screening of inventories and prioritization of masks; (c) size-resolved measurements are better suited to discern differences in mask performance and more closely match aerosols in NIOSH/FDA tests since larger, easily filtered aerosols are major contributors to the mass distributions of combustion or in-room aerosols; and (d) it is beneficial to use aerosols that span the range of sizes of potentially virus-containing aerosols (\>0.2 μm in this setup), but smaller aerosols in this range are more challenging to filter at the typical face velocities and are preferentially tested in the NIOSH and FDA procedures. Yet, total aerosol number concentration measurements without size-resolution that include sizes below 0.1 μm may skew efficiency results by incorporating filtration of combustion or in-room aerosols dominated by these smaller sizes, which are easily collected via Brownian motion, and are outside the size range of interest for SARS-CoV-2 aerosol transmission. While aerosol number concentrations were used to determine filtration efficiencies in this study, size-resolved mass concentrations could be used with appropriate test aerosol concentrations and instrument sensitivities.

Regardless of the testing setup, it is essential to screen a sufficient number of masks/respirators to constrain lot-to-lot variability (e.g., Fig. [4a](#Fig4){ref-type="fig"} inset) for masks that might be used in service. The NIOSH protocol requires 20 of 20 masks to exceed the 95% filtration efficiency. The exact number of randomly selected masks to be tested by an organization may depend on the supply of masks in a given lot and their likely application, but based on our results there are clear indicators of mask-to-mask variance within a sample size of five masks (Fig. [4a](#Fig4){ref-type="fig"} inset) that could be used to inform further examinations of variance.

Given that aerosol filtration efficiency varies with aerosol size, larger aerosols will be removed more effectively (i.e., 1--5 μm), but smaller aerosols (e.g., 0.2--0.5 μm) may provide more ability to discern between mask/respirator performance. Similarly, faster flow rates may provide more potential to discern between masks, yet care should be taken to not extend velocities outside the range of the typical conditions during breathing (coughing, speaking, etc.) that are examined in regulation testing (e.g., 3--14 cm/s) \[[@CR5]\]. For a given flow rate, differences in face velocity with a full mask, compared with the subsections tested here, will vary with mask area, such that a larger surface area mask will have lower face velocities while in-use. Yet changes in filtration efficiencies for well-performing masks will be minor (e.g., with a decrease from 10 to 7.5 cm/s; Fig. [5a](#Fig5){ref-type="fig"}) and the face velocity can be adjusted to account for the mask area where necessary for verification.

The methods presented here rely upon regular comparisons to NIOSH N95 benchmark masks, as absolute filtration efficiencies will vary with changes in flow rates and aerosol sizes measured (e.g., Fig. [5](#Fig5){ref-type="fig"}). Similar aerosol concentrations and consistent flow conditions between masks must be maintained to minimize system variance that could affect data interpretation. Validation of a system should include testing a range of materials expected to have both excellent and poor filtration efficiencies. Finally, this approach does not convey the equivalent of an N95 certification, and this publication does not include a full comparison to NIOSH results other than the comparison with available N95-compliant masks.
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